Introduction
Inorganic phosphate is stored as a polyphosphate (polyP) polymer inside the cell. PolyP, which is found in every living cell, consists of hundreds of phosphate molecules joined together by high-energy anhydride bonds (Brown and Kornberg, 2004) . Polyphosphate kinase (PPK; E.C. 2.7.4.1) is the enzyme responsible for the synthesis of polyP by using the terminal phosphate of ATP as a substrate (Ahn and Kornberg, 1990) .
PolyP is known to play a very important role in different cellular processes in every living cell. For example, this polymer has been shown to play a crucial role in the regulation of adaptive responses of cells to physical and chemical stresses, including weak acid stress (Shiba et al., 2000; Price-Carter et al., 2005) . It is also an important energy store used as ATP substitutes, and it is additionally used to regenerate NTP in association with adenylate kinases (Phillips et al., 1999) . PolyP has been shown to be necessary for motility, biofilm formation, and other virulence properties of pathogenic bacteria (Ogawa et al., 2000; Rashid et al., 2000) . The effect of polyP on the control of secondary metabolite biosynthesis by Streptomyces has also been researched (Chouayekh and Virolle, 2002; Yalım Camcı et al., 2012) .
Bacillus thuringiensis is the main agent used for biological control of insects in commercial agriculture and forest management. Insecticidal activity of B. thuringiensis is mainly due to the presence of several δ-endotoxins (crystal proteins), which are produced during the sporulation process. Medium ingredients and cultivation strategies, such as carbon and nitrogen sources, mineral elements, pH, and temperature, play important roles in the synthesis of these proteins (Sikdar et al., 1991; Morris et al., 1996; Icgen et al., 2002a Icgen et al., , 2002b El-Bendary, 2006; Okay and Özcengiz, 2011) . We recently showed that polyP affects bioinsecticide biosynthesis by Bti. We obtained a recombinant strain (Bti ppk), which overproduced the ppk gene, and reported that the recombinant strain was about 8 times more toxic than the wild type against late secondinstar laboratory-reared Culex quinquefasciatus larvae (Doruk et al., 2013) . In the present study, this hypertoxic strain (Bti ppk) was characterized by its acid tolerance, phosphate uptake, and endotoxin production under different culture conditions.
Materials and methods

Bacterial strains
Bacillus thuringiensis subsp. israelensis (Bti) ATCC 35646 was kindly provided by Gwo-Chyuan Shaw (National Yang-Ming University, Taiwan). Bti pHT315, a control strain carrying an empty vector, and Bti ppk, a PPK overproducer strain, were constructed in our previous study (Doruk et al., 2013) .
Media and growth conditions
Bti strains were grown in 100 mL of DSM (4 g/L nutrient broth (Merck), 25 mM K 2 HPO 4 , 25 mM KH 2 PO 4 , 0.5 mM Ca(NO 3 ) 2 , 0.5 mM MgSO 4 , 10 µM FeSO 4 , 10 µM MnCl 2 , and 5 g/L glucose) in a 500-mL flask at 30 °C (Donovan et al., 1988) . Experiments were started from overnight cultures, which were diluted using spectrophotometric (OD 600 ) measurements to equalize inoculum size. Erythromycin (25 µg/mL) was added to media to grow recombinant strains. Liquid cultures were aerated on a rotary shaker at 220 rpm.
Protein isolation
Proteins were extracted according to the procedure of Donovan et al. (1988) . Cells (10 mL, spore/crystal mixture) from cultures grown for 72 h were harvested and washed once with 1 M NaCl and twice with deionized water. The cells were then suspended in deionized water at 100 mg wet cell weight/mL. Fifty microliters of the cell suspension was added to 50 µL of lysis buffer [TE buffer (100 mM Tris-HCl, 20 mM EDTA, pH 7.4) containing 10 mg/mL lysozyme] and incubated at 37 °C for 30 min. After incubation, 10 µL of 2% sodium dodecyl sulfate (SDS) was added, and the suspension was vortexed for 30 s and centrifuged for 5 min in a microfuge. The pellet (spore/crystal mixture) was suspended in 50 µL of 0.2% SDS. Protein concentrations were determined with the BCA protein assay method with bovine serum albumin as standard (Smith et al., 1985) . Equal amounts of spore/ crystal mixture (60 µg) and molecular mass standards from Invitrogen (Carlsbad, CA, USA) were loaded on the 12% SDS-polyacrylamide gels, which were then stained with Coomassie Brilliant Blue R-250. TotalLab Quant software (TotalLab, Newcastle-upon-Tyne, UK) was used to quantitate protein bands in the gels.
Gene expression analysis by RT-PCR
The InnuPREP RNA Mini Kit (Analytic Jena, Jena, Germany) was used to isolate total RNA. The RNA samples were treated with deoxyribonuclease I (Fermentas, Hanover, MD, USA) to remove DNA contamination. The AccuScript High-Fidelity 1st Strand cDNA Synthesis Kit (Stratagene, Santa Clara, CA, USA) was used for cDNA synthesis according to the manufacturer's protocol. Negative controls were carried out with the primers (Table  1) and Pfu DNA polymerase to confirm the absence of contaminating DNA in the RNA preparations. The cDNA products were run on 0.8% agarose gel and were visualized and photographed under UV light using a digital imaging system (Vilber Lourmat, Eberhardzell, Germany). Primer specificity was checked using the Sort sequence locator program (Bikandi et al., 2004) . Each amplified product was corroborated by direct sequencing of the PCR product. 2.5. Measurement of phosphate uptake Phosphate uptake was determined by measuring the residual P i content in culture supernatants with inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 7000 DV, PerkinElmer, Waltham, MA, USA). Culture supernatants were prepared as described by Chung et al. (2005) with some modifications. Equal inoculum sizes from overnight cultures were transferred to 100 mL of LB medium and grown to the early stationary phase (OD 600 @ 6). Fifty milliliters of culture was then centrifuged at 4500 × g for 10 min. The pellet was washed with distilled water and the cells were transferred to 150 mL of fresh LB medium. Ten milliliters of sample was taken at 6 and 12 h of cultivation. These samples were centrifuged at 4500 × g for 10 min and then the P i content of the supernatants was analyzed by ICP-OES.
Acid stress assay
Resistance of bacterial strains to acidity was measured as described by Ahn et al. (2009) with minor modifications. Cultures were grown to the midexponential phase (OD 600 @ 0.6). An aliquot culture of 1.5 mL was washed once with Table 1 . Oligonucleotides used for RT-PCR.
Name of primer
Sequence of primer Size of amplified product (bp)
0.1 M glycine (pH 7.0) and the pellet was resuspended in 0.1 M glycine (pH 2.8). The cells were then incubated at 30 °C, and samples taken at 30, 60, and 90 min were serially diluted and plated on LB agar. After overnight incubation at 30 °C, cell viabilities (CFU: colony-forming units) were compared with time zero values.
Mosquito larvicidal activity
Mosquito larvicidal activity was determined according to the method of Promdonkoy et al. (2005) . A spore/crystal mixture isolated from each bacterial strain grown in DSM medium (for 72 h) was tested. Serially diluted spore/ crystal mixtures were added to 2 mL of water containing 10 third-instar wild Culex pipiens larvae in each well of 24-well plates (well diameter: 1.5 cm). LC 50 values were determined using probit analysis (Finney and Stevens, 1948) at the end of 24 h by taking the average results of three independent experiments (Table 2) .
Scanning electron microscope analysis
Overnight cultures (10 mL) of all strains were collected by centrifugation. Pellets were washed three times with deionized water and resuspended in deionized water.
Five microliters of each sample was spotted onto a slide and allowed to dry at room temperature for about 15 min. Samples were coated with a gold layer (5 nm thick) with a sputter coater (Model BAL-TEC SCD 005 Sputter Coater, Balzers, Liechtenstein) to impart electrical conductivity. Visualization of the cells on the slides was performed using a Carl Zeiss EVO 40 model scanning electron microscope (SEM) instrument (Dresden, Germany). The accelerating voltage was 10 kV for all experiments. Several SEM pictures were taken, and size distributions were obtained by measuring the length and diameter of 100 individual spores (Table 3) according to the method of Carrera et al. (2007) . ImageJ software (Schneider et al., 2012) was used for the measurements.
Statistical analysis
Each experiment was repeated three times. Statistical analysis of experiments was carried out by means of the test for homogeneity of proportions, and significance of the treatment differences was analyzed with a nonparametric statistical test, the post hoc comparisons test (Marascuilo and McSweeney, 1967) , at P ≤ 0.05 using SPSS (SPSS Inc., Chicago, IL, USA).
Results
Acid resistance and phosphate uptake properties of hypertoxic Bti strain
A number of studies have shown that polyP protects cells against reduced pH (McGrath and Quinn, 2000; Mullan et al., 2002; Moriarty et al., 2006) . Acid tolerance of the hypertoxic Bti ppk strain was determined in the present study. The results indicated that Bti ppk is more acidtolerant than the control strains ( Figure 1 ). The population of viable control cells (Bti and Bti pHT315) was reduced by approximately 4 log 10 after incubation in buffer at pH 2.8 for 90 min. On the other hand, Bti ppk cells were reduced by about 2 log 10 in the same experiment (Figure 1) . We also checked the expression level of the sigB gene (homologous to the rpoS gene, which acts as a sigma factor responsible for the activation of stress-induced genes) in recombinant and wild-type strains. Our transcriptional analysis results showed that the level of sigB expression was higher in the ppk-overproducing strain, which is more acid-tolerant than the wild-type strain at 48 h (Figure 2) .
Phosphate uptakes by Bti ppk, control strain Bti pHT315 (empty plasmid), and wild-type Bti were analyzed using ICP-OES (Figure 3 ). Statistical analysis of the data indicated that phosphate accumulation by Bti ppk was higher than that of both control strains (Figure 3a) , although all the strains grew equally well in LB medium (Figure 3b ).
Bioassay and SEM data
According to the bioassay results, the toxicity of the recombinant mutant strain (LC 50 6.5 ± 0.289 ng/mL) against third-instar wild Culex pipiens larvae was found to be nearly 10 times higher than that of the wild type (LC 50 62 ± 0.707 ng/mL) ( Table 2 ). The LC 50 value of the control strain (Bti pHT315) for the same larvae was 55.75 ± 2.25 ng/mL (Table  2) .
If the spores of the ppk-overexpressing strain are smaller, then the proportion of toxin would be greater in this strain, although each cell produces the same amount of toxin. To eliminate this possibility, the spore size of each strain was determined using a SEM. As seen in Figure 4 , spores of ppkoverexpressing cells (volume @ 0.881 µm 3 , aspect ratio @ 1.162 µm) and spores of Bti pHT315 (volume @ 0.861 µm 3 , aspect ratio @ 1.219 µm) are rounder and smaller when compared to wild-type spores (volume @ 0.916 mm 3 , aspect ratio @ 1.350 mm). These results proved that high toxicity is not the result of small spore size, since the spores of Bti pHT315 are also smaller compared to wild-type spores.
Endotoxin production by mutant and control strains
Viable cell and spore counts showed that all three strains (Bti, Bti pHT315, and Bti ppk) grew similarly in DSM medium (pH 7) at 30 °C (Doruk et al., 2013) . Endotoxin production of Bti ppk was compared to that of Bti and Bti pHT315 grown in DSM medium under a range of culture conditions. Endotoxin production of the ppk recombinant strain was higher compared to both Bti and Bti pHT315 at 25 °C, 30 °C, and 37 °C ( Figure 5 ). Although the strains grew equally well at 42 °C, none of them produced endotoxin at this temperature (data not shown).
Protein profiles by SDS-PAGE of cells grown at pH 5, 6, 8, and 9 (initial pH values of the medium) in DSM medium at 30 °C showed that crystal protein production of Bti ppk was higher than that of both Bti and Bti pHT315 at each pH value studied (Figure 6 ).
When the cultures were grown at 30 °C in DSM (pH 7) containing maltose, mannitol, sucrose, or starch (each at a final concentration of 5 g/L) instead of glucose, endotoxin production levels were found to be significantly higher in the recombinant Bti strain than those in the control strains (Figure 7 ).
Discussion
Bt, which is the best-known biological control agent of insects, was engineered in our previous study to have high levels of intracellular polyphosphate inside the cell by overexpressing the ppk gene. An important increase (about 8 times) in the toxicity of Bti ppk against late second-instar laboratory-reared Culex quinquefasciatus was seen (Doruk et al., 2013) .
A high intracellular concentration of polyP in the recombinant strain had a consistently stimulatory effect on endotoxin production when the cells were grown in DSM medium under a variety of temperature and pH conditions in this study. Furthermore, when maltose, mannitol, sucrose, and starch replaced glucose in the DSM medium, the recombinant Bti ppk strain continued to produce more endotoxin than the control strains. It is known that slowly utilized complex carbon sources often stimulate secondary metabolite production (Drew and Demain, 1977) . Although our starch experiment results support this information, regulatory mechanisms underlying the high-level synthesis of endotoxin need to be investigated. Bioassay results combined with SEM data proved that the Figure 5 . Effects of temperature on toxin production by Bti (wild type), Bti pHT315, and Bti ppk strains. The cells were grown on DSM medium with 75 mM P i and at different temperatures: 25 °C (2, 3, 4), 30 °C (5, 6, 7), and 37 °C (8, 9, 10). Proteins were extracted after 72 h of incubation; lane 1, molecular weight standards (Fermentas); lanes 2, 5, and 8, Bti; lanes 3, 6, and 9, Bti pHT315; lanes 4, 7, and 10, Bti ppk. Sixty micrograms of total protein was loaded in each lane. The amount of protein was determined using TotalLab Quant (supplementary material, Table S1 ). Figure 6 . Effects of pH on toxin production of Bti (wild type), Bti pHT315, and Bti ppk strains. The cells were grown on DSM medium with 75 mM P i and had different pH levels: pH 5 (2, 3, 4), pH 6 (5, 6, 7), pH 8 (8, 9, 10), and pH 9 (11, 12, 13). Proteins were extracted after 72 h of incubation; lane 1, molecular weight standards (Fermentas); lanes 2, 5, 8, and 11, Bti; lanes 3, 6, 9, and 12, Bti pHT315; lanes 4, 7, 10, and 13, Bti ppk. Sixty micrograms of total protein was loaded in each lane. The amount of protein was determined using TotalLab Quant (supplementary material, Table S2 ).
Bti ppk strain produces more bioinsecticide than both the wild-type (Bti) and the vector-only (Bti pHT315) strains. Therefore, high toxicity is not the result of small spore size.
Environmental factors play a critical role in the toxin protein synthesis of B. thuringiensis. Some mineral elements, especially phosphate, have been shown to play a very important role in toxin production (BanerjeeBhatnagar, 1999; Kurt et al., 2005) . In all these studies, inorganic phosphate was added to culture media in different concentrations, and the stimulatory effect of phosphate on endotoxin production was evaluated. In the present study, phosphate uptake by the recombinant Bti ppk strain (overexpressing ppk) was found to be higher than that of both Bti and Bti pHT315, which could be one of the reasons for toxin overproduction by this strain.
During fermentation, pH fluctuations, and especially low pH values, cause cell injuries and death (Russell, 1992) . Our data indicate that the high polyP content of this recombinant strain apparently increased the ability of the cells to survive under acidic conditions compared to the wild type. A number of studies have shown that polyP protects cells against reduced internal pH ( McGrath and Quinn, 2000; Mullan et al., 2002; Moriarty et al., 2006) . Although the precise physiological role of polyP at acidic pH levels is still unclear, Mullan et al. (2002) suggested that polyP provides a mechanism of pH homeostasis by acting as an intracellular cation trap and sequestering H + ions. Since polyP is highly polyanionic, it is likely that this polymer plays a buffering role inside the cell. The RNA polymerase subunit, RpoS (homologous to σ B in grampositive bacteria), acts as a sigma factor responsible for the activation of more than 50 stress-induced genes in E. coli (Loewen et al., 1998) . It has been shown that σ B -dependent general stress proteins have protective effects for the cells under several stress conditions (Engelmann and Hecker, 1996; Antelmann et al., 1997; Gaidenko and Price, 1998) . PolyP affects the expression of rpoS in E. coli (Shiba et al., 1997) and weak acids are known to stimulate RpoSmediated transcription (Price-Carter et al., 2005) . Rao and Kornberg (1996) reported that the phenotypic features of the ppk mutant can be linked to decreased expression of the rpoS gene. Our transcriptional analysis results support these findings: increased levels of polyP protect Bti cells against reduced internal pH, most probably due to the increase of the expression of sigB in this microorganism.
Bti has been widely used in mosquito control programs. Although many efforts have been made by some groups to find low-cost media to produce bioinsecticides (Zouari et al., 1998; Ghribi et al., 2007) , large-scale production of Bti in a cost-effective manner is still an attractive pursuit. The results of this study can be useful in industrial applications, since it could be possible to produce large quantities of insecticidal crystal proteins during large-scale fermentation, as the hypertoxic Bti ppk strain not only produces more endotoxin than the wild type under different conditions but also has the advantage of being more acid-tolerant. Effects of different carbon sources on toxin production of Bti (wild type), Bti pHT315, and Bti ppk strains. The cells were grown on DSM medium with 75 mM P i and had different carbon sources: sucrose (2, 3, 4), maltose (5, 6, 7), mannitol (8, 9, 10), and starch (11, 12, 13) . Proteins were extracted after 72 h of incubation; lane 1, molecular weight standards (Fermentas); lanes 2, 5, 8, and 11, Bti; lanes 3, 6, 9, and 12, Bti pHT315; lanes 4, 7, 10, and 13, Bti ppk. Sixty micrograms of total protein was loaded in each lane. The amount of protein was determined using TotalLab Quant (supplementary material, Table S3 ).
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